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SINTHESIS AND PROPERTIES OF SEMICONDUCTING
AND METALLIC DERIVATIVES OF POLYACETYLENE, (CH) x*

Alan G, MacDiarmid and Alan J. Heeger*

Department of Chemistry and Department
of Physics,* University of Pennsylvania
Philadelphia, PA 19104, U.S.A.

ABSTRACT

Polyacetylene, (CH) 1is the simplest organic polymer, Through
chemical doping, the eleftrical conductivity of films of (CH) _ can
be varied over twelve oigers of magnitude with properties ranging
from insulator (¢ < 107V ohm™‘cm™")to semiconductor to metal
(o > 103 ohm"]'cm'l). Both donors and acceptors can be used with
these flexibles free~standing polycrystalline polymer films
(thickness 10 “cm to 0.5 cm) to yield n-type or p-type material,

In this review we summarize some of the more important chemical and
physical properties of (CH): and its doped derivatives,

Polyacetylene, (CH) is the simplest possible conjugated
organic polymer and is therefore of special fundamental interest,
Early studies on this polymer, which was known only as a dark-
colored insoluble powder, concentrated on the production of pure
material, Hatano g_t._a]..1 found the electrical conductivity de=
pended on the crystallinity with higher crystallinity giving higher
conductivity. Berets and Smith? studied the effect of oxygen cone
tent on polycrystalline powder and found that oxygen in the poly-
acetylene affected its conductivity; the lowest oxygen content
yielded th: highest conductivity. Thei: best samples had oxygen
content as low as 0.7%.

In a series of studies Shirakawa et .n:l..:"'6 succeeded in syn-
thesizing high quality polycrystalline films of (CH)_ and developed
techniques for controlling the cis-trans content. (See Figure 1),




Films have been made with thickness varying from 10
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Pigure 1: Cis- and trans- polyacetylene, (CH)_

The (CH) films have a lustrous silvery appearance; they are

flexible®and appear to have excellent mecanical properties, Films

can be made free standing, or on substrates such as glass or metal,
cm to 0.5 cm.

(1) SINTHESIS OF (CH) FILMS

Polyacetylene films may be prepared by simply wetting the in=-
side walls of a glass reactor vessel with a toluene solution of
(02 ).Al and (nocaﬂ 0),Ti Ziegler catalyst and then immediately
admitting acetylene gas at any pressure from a few centimeters up to
ca 1 atmosphere pressure., The cohesive film grow on all surfaces
which have been wet by the catalyst solution during a few seconds to
1 bhour depending on the pressure of acetylene and temperature em-
ployed. I1f a polymerization temperature of _gg_—?Soc is used, the
£film 13 formed almost completely as the cis-isomer; if a temperature
of 150 C is used (decane solvent) the film is formed as the trans
isomer, With room temperature polymerization the film is approx-
mately 807 cis-and 20% trans-isomer, If the film is carefuly
washed, analytically pure (CH)_ 1is obtained (See Table 1), The
cis-isomer may be conveniently converted to the trans-isomer (the
thermodynamically stable form) by heating at ca 200° for ca 1 hour,




TABLE 1
Chemical Analysis of Pure and Doped (CH);

C: B%. Halogen % Total

1) (CB) calculated 92,26 7.74 100,00
cis-Tcr), found 92,16 7.81 99.97
tuus-((:ll)x found 92.13 7.75 99.88

2) grans-(CHI, ,,) ° calculated 29.34 2,46 68,20 100.00

found 29,14 2,62 68,26 100.02

3) trans-(CHBr, ,,,)." calculated 38.85 3.26 57.89 100,00
— s found  38.89 3.05 58.16 100.10

*calculated 40.15 3.61 31.44 100.00
found  39.86 3,75 31.48  99.78

3) sis{CH(ASF,), ‘099]"
X

%Galbraith Laboratories, Inc.

b'rhc designation "cis"™ or "trans'" refers to the isomeric form of the

(CH) employed in the doping experiment, It does not necessarily
:me1§ that the doped material has the same isomeric composition
as the original (Cﬂ)x.

SArsenic: Calcd., 24.80%; Found, 24.6%%.

(2) STRUCTURAL PROPERTIES OF ((IH)x FILMS

Electron microscopy studies show that the as-formed (CH) x films
consist of randomly oriented fibrils (typical £ibril diameter of a
few hundred angstroms). The bulk density is ca 0.4 gm/cm3 compared
with 1,2 gm/cm® as obtained by flotation techniques, This shows
that the polymer fibrils £ill only about one=-third of the total
volume, X-ray studies show that the fil age polycrystalline with
interchain spacing of approximately 3,8 3

Characteristic infrared absorption bands of thin films can be
conveniently used to distinguish the cis and trans isomers and to
csti.m!te the relative amounts of each isomer in a partly isomerized
£1 Solid state 13C nmr studies’ have been used to confirm the

assignment of a given type of film as either cis or trans. Such
studies also show that isomerically pure films (within the limits of
experimental error) are obtained although there }s a suggestion that
both types of film may contain up to ca 5% of sp” =hybridized carbon
atoms which might be acting as cross=-linking atoms between adjacent
(Cﬂ)x chains,




3) )ECHANICA}. PROPERTIES OF (CH)  FILMS

Fresh films of both cis- and trang-(CH) are flexible and can
be easily stretched. These properties are mOre pronounced with cis
isomer films which can be stretched in a few minutes (with partial
alignment of fibers) at room temperature up to 3 times their
original length, Reasonably good tensile strengths (up to ca 3.8
kg/mn“) are routinely obtained. _ N

¢ " (4) STABILITY OF (CE)_ FILMS

The pgtent (CH) films have good thermal stability when heated
in vacuum.,” Thus, t ermogramsoof both the cis and trans isomers
show an exothermic psak at 325°C, Decomposition is rapid at this
temperature., At 420 C volatile decomposition products are formed
in an endothermic reaction, The parent (CH) f£films slowly become
brittle in air during several days and their resistance increases,
However, when coated with a thin plastic film, or wax, they are
stable for many wesks, . i .

(5) ELECTRICAL PROPERTIES OF (CH)_FILMS '

Shirakawa_g;:gl.a pointed out that the room temperature con=
ductivity of crystalline films gf pol.{acgiylene depended on the cis-
trans content, virying from 1072 ohm"*cm = for the trans material
to 102 ohm™lem™' for the cis-isomer. In view of the sensitivity
of polyacetylenegtTGimpurities and/or defects as demonstrated by our
doping studies, “~*° it appears likely that the intrinsic conducti-
vity of pure polyacetylene is even lower, This is supported by the
observation that exposure of trans-(CH)_ to the vapor of the
donor, NH, causes the onduciivi{y to fall more than four orders
of magnitide (to < 10”7 ohm™“ecm™ ) without detectable weight in=
crease, This may be due to the coordination of the NH, to traces
of the catalyst (which acted as a dopant), Subsequent reaction of
the film with a dopant such as AsF_, which is described in following
sections, increases the conductivil?y many orders of magnitude to
metallic levels,

From theoretical and spectroscopic studies of short chain
polymers, the n-syisem transfer integral of (CH) can be estimated
as g ~2 - 2,5 eV, Thus the overall bandwidth®would be of order
8=10 eV; W = 2zp, where z is the number of nearest neighbors, g is
the transfer integral and W is the bandwidth in the tight-binding
approximation., The electrons from the unsaturated m=system are
therefore delocalized along the polymer chains, However, because
of the combined effects of bond alternation and Coulomb correlation,
there is an energy gap in the excitation spectrum leading to semi~
conducting behavior, As a result of the large overall band width
and unsaturated m-system, (CH), is fundamentally different from
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. either the traditional organic semiconductors made up of weakly
- interacting molecules (e.g., anthracene, etc.), or from other
saturated polymers with monomeric units of the form R R' where

there are no m~electrons (e.g., polyethylene, etc.). Polyacetylene
1s therefore more nearly analogous to the traditional inorganic
semiconductors; and indeed we have shown recently that (CH) can be

chemically doped w:.t:h a varzet; %S' donors or acceptors to glv
type or p-type semconductors.

(6) DOPING OF (CH) FILMS

We have developed methods for doping either cis-or trans-(CH)
to p- or n-type semiconductors or metals. These methods fall into™
three chief categories, The silvery (CH)_ films undergo very
little, if any change in appearance upon doping.

(1) Exposure of the (CH) films to a known vapor pressure of a
volatile dopant e.g. I,, AsF Xetc. until a desired conductivity is
obtained; removal of thie dopant vapor at that stage then essentially
"freezes" the conductivity at that value,

(ii) Treatment of the (CH)x film with a solution of the dopant
in an appropriate solvent (e.g. I, in pentanej sodium naphthalide in
THF, etc,) for a given time perioﬁ

(i11) Treatment of the (CH)_ films with liquid Na/K alloy at
room temperature for a few minutes to give an n-type NafK-doped
£ilm,

A list of some doped (CH)_ species is given in Table II, In
addition, we have found that the following compounds also increase
the conductivity of (CH)_ films to either a good semiconducting or
metallic range: SbFs, S i‘ PCl., PF5,and ICN, Exact compositions
and conductivities have yet: to ge determined..

Films doped with e.g. I, or AsF. retain their high metallic
conductivity after several days expgsm:e to air and show only a
small decrease in conductivity. These films, and also those doped
with e.g. Na appear to be stable in air for many weeks when coated
with a protective film, 1In this respect it might be noted that un-
coated filas doped with I, to the metaliic regime undergo essen=
tially no change in conductivity or composition when held under
water over night,

A few preliminary studies at elevated temperatures have been
carried out on I,-doped and AsF_-doped films, Films containing the
former dopant appear to retain Eheir semiconducting properties up to
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) aonductivitx of Polycrystalline Pblxacgtxlene and Derivatives (As-
- Grown Films)2
Conductivity
B Material g(ohm-Ten~T) (25°c)
: s - c18-(cH)_® b 1.7 x 10:3
oo e ttans-(Cﬁ) e 44 x 10 -
©* - == trange{ (CHY (EBr) ) 04] 7 x 10 - e s
- frans-(CECLy ;) T1x10™
= grans-(CHBr, c) - - sx107t - - e
= % DY R
= ttans-(CHB 23) S 4x10 " . e
- o g:l_s-[CE(ICl) ] TTTT 7540 x 101 oo
i’__ 0014 x . : 2 SRS -
i cis-(CHIo 25) oo . .. 3.6x10 _ . -
o b 1
e grans-(cnl’o 22)xb . 3.0x10 )
SO pramse(omry L, .- o Tnex1? DD DD
f = cls- (GBI, o) 5.0 x 10° *
_ci_s-[CH(IBr)o 5] 4.0 x 10°
_ . X 2
- trans-{ CH(IBr) ] 1,2 x 10
— 0.12 X 1
. m—[cn(Asrs)om]xb 7x10 -
- trans-[CH(ASF,) ] 4.0 x 10> |
- — 'y X 2
gg-[CB(Ast)o.M]x 5.6 x 101
: trana-[Nao 25 (CH) ] 8 x10 3
~ () The prefix Ycis" or "trans" refers to the isomeric composition
of the (CH) vhich was used in a given doping experiment,
_ (b) Composition obtained by chemical analysis from Galbraith
) Laboratories, Inc, (Sum of all elements ~ 99,8-100,1%).

at least ca 100°¢ gheregs films involving AsF remain semiconducting
up to at least 150°-200°C.,

" -

(?) ELECTRICAL CONDUCTIVITY OF DOPED ((:H)x FILMS
AND SEMICONDUCTOR-METAL TRANSITION
When pure polyacetylene is doped with a donor or am acceptor,

the electrical conductivity increases sharply over many ordems of
magnitude at low concentration, then saturates at higher dopant
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levels, above approximately 1%2.9716  The maximum conductivity we
cis~[CH(ASF), ,,] was 560 ohm” “cm™", The typical behavior for the
conduct:ivic; 9& d function of dopant concentration (y) is shown in
Figure 2, The general features appear to be the same for the vari-
ous donor and acceptor dopants, but with detailed differences in the
saturation values and the critical concentration at the "knee" in
the curve (above which ¢ is only weakly dependent on y). These
transport studies suggest a change in behavior near 1% dopant con-
centration; a semiconductor to metal transition. o

_have reported to date at room teTperiture for nonaligned

~,
S

_ 0% T T T T . L ' )
10% |- [eHtase,),), -
0% |-
(CHI,), { }ﬂ
o - ok T/ ]
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CONCENTRATION, y

Figure 2: Electrical conductivity (room temperature)
as a function of dopant concentration,
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To verify the existence of the semiconductgr-to~meta1 transi-
.~tion, far infrared transmission data were taken 0 on samples of vary-
ing concentrations of iodine and AsF. (with qualitatively similar
results), The data for a series of iodinated samples are shown
in Figure 3 for y = 0.0, 0.9, 2,0 and 6,0 at%. In the case of the
6% sample, there is no observable transmission throughout the ir
down to 20 cm™ — implying a continuous excitation spectrum; i.e.,
metallic. For the 27 sample,_ the transmigsion was zero at the high
end of ihe spectrunm (4000 em-1 io 300 em™*), but increases below
300 cm™* to about 607% by 40 cm™* implying an energy gap at low fre~
quencies, The far ir transmission through the 0,97 sample is near
90% with no significant change from an undoped sample. The inset
to Figure 3 shows the_absorption coefficient, o, (uncorrected for
reflection) at 40 cm™* as 8 function of dopant concentration. The
transition is sharp with a critical concentration (nc) in the range
2«3%, Similar results have been obtained with AsF. dlthough n_ ap=-
pears to be slightly smaller, The values for n ag inferred from
the ir and dc transport measurements are in agréement,

As an initial point of view we treated this transition as

similar to that seen in heavily doped semiconductors, In this case,
one expects the halogen and Ast dopants to act as acceptors with

T T T rvTrTrrr
v -
g 19 { 4
® :
vl i 1
g
3 /‘\f\“’\/\‘v’\\ b
] O% e 09% ~ -
g ]
- % -
.
.'L L —— -
° 100 200 300 «00

PREQUENCY (em™)

3: Par'infrazcd (20 eml to 400 em-l) trensmissicn of Idoped
polyacetylene (sample temperature was 77 K), The inset
shows the absorption coefficient (uncorrected for re-
flection) at 40 cm-1 vs. concentration (solid points,

trans-polymer; triangles, cis-polymer).
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b_ localized hole states in the gap, with the hole bound to the acceptor

. in a hydrogen-like fashion. For low concentrations, one expects the
combination of impurity ionization and variable range hopping to

lead to a combination of activated processes as obsefved experi=-
mentally, However, as extensively discussed by Mott 8 and others,19
1f the concentration is increased to a critical level, then the
screening from carriers will destroy the bound states giving an in-
sulatorsto=metal transition, This will occur when the screening
length becomes less than the radius of the most tightly bound Bohr
orbit of the hole and acceptor in the bulk dielectricy »

n:,a ~ (l»an)-1 (-:-3-)

wvhere is the Bohr radius, ¢ is the dielectric constant of the

. medium 3nd m*/m is the ratio of the band mass to the free electron
mass, Assuming m*/m ~ 1 and using ¢ ~ 8 from ir reflection mea-
surements, we estimate n,6 o~ 1020 - 1071 cm™. Since the density of -
carbon atoms.is about 2 % 1022 cm™, n_ would be in the range of a
few percent assuming one carrier per dSpant. The good agreement
with our experimental results is probably fortuitous in view of the
much over-simplified model, However, the overall features of the semi=
conductor-metal transition at high doping levels are very similar to
those observed in traditional inorganic semiconductors,

}
(8) THE ENERGY GAP AND ABSORPTION SPECTRUM

For the undoped polymer, the absorption edge (see Figure 4) is
quite sharp, rising much more rapidly than the typical three~dimen=
sional (3d) joint density of states, which increases from the gap
edge as (¢-E )%, 1In contrast, if we assume weak interchain coupling
as suggestedfgbwe » the 1d joint density of states has the well-
known (e=E_) “ singularity at the gap edge with a correspondingly
steep abso%ption edge, Actual attempts to fit with a Gaussian
broadened 1d density of states resulted in good agreement with the
data pear the gag edge. The magnitude of the abserption maxisum

o ~ 3 x 10° cm™!) is comparable to that for interband transitious
in more common direct gap semiconductors. A precise value for the
energy gap requires a detailed theoretical model, If we assume a 1d
band structure with broadened 1d density of states, E,Z = E =

1.9 eV. Using the more conventional definition of th# onset of ab-
sorption, 'ne estimates ES ~ 1l = 1,6 (V.

These values are considerably larger than the activation
energy obtained from temperature dependent resistivity studies of
trans-~(CH)_ (0.3 eV).8 This is consistent with the transport i
undoped (Cﬁ)x being dominated by trace impurities or defects.g"
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Figure 4: Absorption coefficient of trans-(CH)_ before and after
doping to saturation as a function 5¢ frequency; film
thickness O. 1 MiDe

Ovchinnikov17 has argued that the energy gap extrapolated to
infinite chain polyenes is too large to be accounted for by simple
band theory of the bond-alternated chain, and he therefore concluded
that Coulomb correlations play an important role. In a tight bind-

} ing calculation, the band gap due to bond alternmation would be

"Oﬂ = §x 28 - gﬁ'a(xo) where §x is the difference in bond lengths

ax xb
and x_ the average bond length; B(x) = Bgexp(~x/a) is the transfer
integral where a2 is a characteristic atomic distance (a~0.7 X) de~
scribing the fall-off of the carbon 2pm wavefunction (B(x ) ~
2,5 eV). If we assume §x takes the maximum value, equal 2o the dif-
ference in bond lengths between a single bond (1.51 A as in ethane)
and a double bond (1.34 R as ir ethylene) we estimate E_ ~ 0.6 eV,
Certainly thiilquestion must be resolved with more deta¥led band
calculatign However, bssed on results obtained thus far in our
transport’” and magnetic 2 studies of (CH)_, we see no experi-
mental evidence suggesting strong Coulomb corfrelations.,

The absorption spectra after doping with iodine is shown in
Figure 4, similar results are obtained after doping with AsF.,
There is relatively strong absorption at low frequencies witain the
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gap as would be expected for a heavily doped semiconductor, De-
_tailed studies of the onset of absorption within the gap at lightest
doping levels are in progress. More important in the context of
this study is the observation that the strong interband transition
persists even at the highest doping levels, This result suggests
that at least for these dopants the basic mwelectron band structure
of (CH)_ remains intact in t i igping process, consistent with the
charge Fransfer doping model®**»*“ with A species between chains,
An uninterrupted m=system is consistent with the excellent transport
ptopisties of metallic doped (CH)x. On the other hand recent stue
dies“” with bromine doping have revealed a major change in the ab=
sorption spectrum after doping, consistent with earlier observations
that bromine tends to add to the double bond (at least at high con=-
centrations) with a corresponding decrease in conductivity, Studies
must be carried out with a variety of dopants before general con-
clusions can be drawn,

12

Throughout the above discussion we have assumed that the absorp~
tion edge results from an interband transition with the creation of
electron~hole pairs, The possibility of electron=hole bound states
(excitons) on the chain must be considered since such exciton transie
tions can lead to a sharp absorption edge below the gap. However,
the observation of this absorption even at the highest doping levels
argues against a transition to an exciton bound state, which would
be scE ened in the metal., Moreover, early photoconductivity measure-
ments“* on powder samples suggest a photo~conductive edge con-
sistent with the absorption edge.

(9) ORIENTED FILMS: ANISOTROPIC ELECTRICAL PROPERIIES14

The high conductivity in the metallic state above o, (see
Figure 2) is particularly interesting since electron microscopy
studies?»® show that the (CH)_ films consist of tangled randomly
oriented fibrils (typical gib§11 diameteg of a few hundred ang- 3

stroms), The bulk density® is 0.4 gm/cm” compared with 1.2 gm/cm
as obtained by flotation techniques, indicating that the polymer

£ibrils_fill only about onesthird of the total volume, X-ray
studies? show that the (CH) films are polycrystalline with inter-
chain spacing of approximatgly 3.8 X, Consequently we expect the
interchain electronic transfer integrals to be small, ~ 0.l eV, i.e.,
less than or comparable to the intermolecular transfer integrals
along the b-axis in TIF-TCNQ where the intermolecular spacing 1is

3.6 A, On the other hand, molecular spectroscopic studies of short
chain polymers lead o the conclusion that the intrachain transfer
integrals for carbon atoms separated by ~ 1,4 A are of order 2 =

2,5 eV, Thus we anticipate a highly anisotropic band structure with
correspondingly anisotropic transport in (CH)_ . Indirect evidence
of this was obtained from the temperature depéndence of the con=
ductivity in (CH)x doped to concentrations above the semiconductor~

i
:
]
b
{
13
b
s




 where o, ™ 300 ohm™*em™*,

12

to-matal transition.?"1% 7he conductivity was found to decrease on
lowering the temperat ge in a manner similar to that observed in
polycrystalline (SN) “,sublimed films of (SN) 25 or polycrystalline
TTF=-TCNQ where the transport is limited by a cSmbination of aniso-
tropy and interparticle contact, In these cases, the conductivity
decreases even though the single crystal transport measurements along
the principal conducting axis clearly imply metallic behavior,

It is well known that many polymers can be stretch-oriented 7
mechanical elongation, Shirakawa and Ikeda have recently reported
significant orientation of (CH)_ after stretch elongation; they have
been able to vary the amount of‘orientation by combined mechanical

_. and thermal treatment resulting in elongation with £/ ~ 1 to 3
... where £ is the final stretched length and .¢° is the unStretched
.. length,

The room temperature resu.}&s on partially oriented films are
summarized in Figures 5 and 6. The anisotropy is plotted in
FPigure 5 as a function of dopant concentration for £/¢ = 2,1 and
4/4 = 2,9, The induced anistropy of the undoped oriedted films
appears to increase approximately as the square of the elongation
(prior to stretching the non-aligned samples are isotropic both
before and after doping with AsF.). The anisotropy remains after
doping, increasing modestly with“iodine and more steeply with
AsF.. The effects of elongation (alignment) on the absolute values
of g, and ¢, are shown on Figure 6 for the heavily doped metallic
polymer [CH(ASF )o J.» The parallel conductivity increases 2
dramatically wiéh é}gggf nt; the solid curve follows g = a0, (z/zo)

Scanning electron microscope pictures of the films as grown
and after stretch alignment are shown in Figures 7 and 8 respectively,
The characteristic branched and mistedsfgbrils of the unstretched
polymer discussed earlier by Ito et 8l.,”?" are clearly visible in

. Figure 7. Elongation results in partial alignment as shown in

Figure 8, However comparison of the two shows that the fractional
alignment is only modest,

The temperature dependence of the parallel and perpendicular
conductivities and the anisotropy for an oriented film (t/¢ = 2.9)
doped into the metallic regime with AsF. are shown in Figurg 9. The
solid points result from four probe meagurements on two separate
(il and 1) films; the x points result from the Montgomery measure~
wents, The three samples were taken from the same initial film
and doped simultaneously to a final composition [CH(AsFs) 0] o
We expect the Montgomery technique to give the more relia%ﬂ dits
since the measurements were taken on a single sample., The four-
probe data come from two Separate samples (|| andl), so that
slightly different final compositions are possible. Nevertheless,
the results from the two independent sets of measurements are

e K B




p &}
) :
| 1 | | 1
20t - 1
ALIGNED (CH),
I8 |- - ‘
16 |- - _
14 -
12 - i
10 .

ANISOTROPY (o, /a,)

(0)) (0]
]r
——
\
\
\
\
——
|

- / L -=% /1, DOPANT -

-7 A 211 IODINE
{%5:’ a 211 AsFy
- e 29! IODINE

292 As Fg -

1 | ! ! | 1
O 005 010 0I5 020 025 030
e CONCENTRATION (y)

-
. -

O N &
o
o

PR

Figure 5: The electrical anisotropy, oy /cJ_ as a function of dopaat
concentration for partially aligned (CH)x films at
different values of elongation (L/lo).

consistent, and the general agreement is excellent, The room tem-
perature parallel conductivity is in excess of 2000 opm™*cm™*; che
average of the two measurements yields 2150 ohm’lcm_‘l. On cooling,
- and g, decrease slowly; however, the conductivity remains high
even at the lowest temperatures, consistent with metallic behavior.
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A mor; detailed examination of the data shows that oy remains ap-
proximately constant, increasing slightly (~0.5%) down to 260 K,
whereas g, decreases monotonically.

The results of these initial studies on oriented (‘{‘E)xm- must
be compared with earlier results on the random polymer,
The general conclusion is that the transport is indeed limited by a
combination of interparticle contact and anisotropy even in the par=
tially oriented films; the intrinsic conductivity along the (CH)x
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chain direction in the doped metallic polymer {s much higher than
The trends in the data together with the elec=
tron microscope photographs suggest that better orientation will
lead to considerable enhancement of the anisotropy and the absolute
room tempe:ature conductivity (Figure 5) with oy Vs (L) probably ine

the measured value,

creasing substantially on cooling.

(10) ORIENTED FILMS: ANISOTROPIC OPTICAL PROPERTIES

Direct visual inspection of oriented (CH)x films reveals a




.

.. the pristine sample, R data show a broad maximum that corresponds
. consistent with a semiconductor picture; extrapolation of the low
- ing a dielectric constant, ¢y (0) .~ 5.  The perpendicular reflectance

) centered at 1,7 eV, At higher frequencies R, falls proportionately

) anisotropy goes through a minimum of (R, /R,_) = 4,7 at 1,65 eV,

- Thus, sssuming

17
silvery reflection, similar to Al foil, but somevhat darker. Through
a polarizer, the reflection polarized parallel to the fiber and
polymer chain orientation direction is silvery, but the reflection
polarized perpeniiculir is pastel orange. Doping with AsF

(o 21 ohm™*cm)~* produced no obvious change by direcg vision

on parallel polarization, but the reflection polarized perpendicular
became much darker indicative of increased anisotropy on doping.

The reflectance results are shown in Figures 10 and 11, For
to the absorption peak near 2 eV. R, decreases in the infrared . »
energy data suggests a low frequency reflectance of 12 to 187 imply-
is flat (~4%, ¢, (0) ~ 2) at low frequencies, with a weak maximum

faster than Ry suggesting that the observed structure in R; is in~-.
trinsic and not the result of incomplete orientation., The optical

increases to (R"/R_,_): 10 at 2.5 eV, then decreases at higher energy.

Heavy doping of the sample with AsF, (oy > 103- ,olun"'cm '1).
increases Ry below 1.4 eV (Figure 1l1); Eh fow frequency results
are similar to the free carrier reflectance in heavily doped semi-
conductors, The trans-(CH) maximum near 2 eV remains after doping,
consistent with the absorptfon results described earlier, The over-
all result is an increase of the optical anisotropy at all energies
below 2.5 eV,

A somewhat more quantitative comparison of the absorption and
Ry reflectance of the undoped polymer can be made by modeling the
interband transition as a single Lorentz oscillator centered at 2 eV,

02

cew) =1+
W - o -
8

leads to E_ =hy =2 eV, hQ ~ 4,0 eV and 4 ~ 0.54 eV; the
latter twogpara.mgters being determined by fitting to ¢, (o) and '
Ry'(@Zev) . Fyom these one estimates a peak absorption at 2 eV of
a~5x 109 co™? in good agreement with Figure 4., More detailed
comparison must await a Kramers-Kronig analysis of the full reflect-
ance spectrum, Note, however, that the implied quantitative agree-
ment between the R, data from partially aligned films of undoped
(CH)_(Figure 10) and the absorption by non-aligned films (Figure &)
i.mpl.{es that the strong absorption is polarized along the chain di-
rection, We therefore conclude that the anisotropy is intrinsic and
is present on a single fiber scale in the non-oriented polymer, The
large optical anisotropy is consistent with a quasi-(ld) band

(=]
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structure as described above,

: The effect of doping on the reflectance is entirely consistent
with the previous interBrigation of a metale-semiconductor transition
in doped polyacetylene,
but the reflectance begins to rise at lower frequencies due to the
free carrier contribution to the dielectric function, Detailed
Drude fits require extension of the data into the far ir. These
studies are presently being carried out,

(11) SEMICONDUCTOR PHYSICS OF (CH) FILMS: COMPENSATION AND
JUNCTION FORMATIONL3 o

A series of experiments have been reported which demonstrate
that donors or acceptors can dope polyacetylene to n-type or p-type
respectixsly, and that the two kinds of dopants can compensate one
another. The formation of a rectifying p~n junction as well as
Schottky barrier junctions have been demonstrated. These results
suggest the possibility of utilizing doped polyacetylene in a
variety of potential semiconductor device applications; in parti-
cular those involving solar cell applications.

Compensation of n-type material by subsequent acceptor doping
has been successfully demonstrated using N2 (donor) and iodine or
AsF. (acceptors), Figure 12 shows the compensation of Na=~doped

§acety1ene by iodine., The Na~-doped films were prepared by treat-
ing the polymers with a solution of sodium naphthalide, Na (C,.H )‘"
in THF whereupon eleciron transfer from the naphthalide radxci?
anion to the (CH) occurred, In each case the pure cis-polyacety-
lene was first doPed with sodium until the conductivity was in the
saturation range, Subsequent exposure to iodine vapor resulted in
the compensation curve plotted in Figure 12, The compensation
proceeds more slowly than the original doping; the electrical con=
ductivity of the n-type sample gradually decreases and reaches a
minimm, Continued doping with iodine results in conversion to p-
type material with an associated increase in conductivity, Similar
compensation has been achieved with Ast as the acceptor,

Starting with an initial composition (CHNao 7) » the compensa=-
tion point with iodine occurred at (CHNa < *a11 compositions
being determined by measurement of weigh? % créage. Thus the com=
pensation point corresponds approximately to a stoichiometric
sodium to jodine ratio consistent cwitg.a the_limits of error) to the
presence of equal concentrations of Na and I in the compensated
polymer, Continued doping leads to p-type materi,&,zwhete the iodine

is known to be present as 13 from Raman studies,

The assignment of donor doped materfal as n-type and acceptor
doped material as p~type follows from the chemical properties of the

The interband transition remains visible,
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Figure 12: Compensation curve for Na-doped polyacetylene; conduc=
tivity ratio (o, lain tial) YSe time. The sample
was initially d pzd &-E‘y%)e and subsequently exposed
to iodine vapor.

donor and acceptor dopants, Moreover, the assignments are consistent
with the results obtained from studies of grap&&te intercalated with
alkali metals and ifodine or AsF. respectively, Finally, thermo=-
electric power measurements on ;cceptor doped (CH)_ yield a positive
Seebeck coufficient consistent with p=type materiaf, Moreover, the
value of +15 uV/K found at room temperature for (CH)_ heavily doped
with AsF_ is consistent with metallic behavior, Inifial experiments
directeds toward fabrication of p-n junctions are encouraging as

shown in Figure 13, The junction was made by mechanically pressing
together n~-type (Na=doped) and p-type (Ast =~ doped) strips of

polymer £film, Although some hysteresis is“evident, a typical diode
characteristic is seen in the I-V curve, Junctions have also been




A
T »

21

LoV

J,i_.gtix.:e—f s I-V curve for a dopéd polyacei&i—e_;empi;g junction.

made using a single polymer strip doped n-type on one~half and p-
type on the other half. Note that in all cases the forward bias
direction was consistent with the p-type and p-type character of the
acceptor and donor doped material,

Initial experiments directed toward fabrication of Schottky
barrier rectifying diodes have also provided encouraging results,
Both n~type material (e.g. Pt metal in contact with [CH(Na)_] )
and p-type material (e.g. Na metal in contact with [CH(ASF H ’j )
can be used to obtain typical diode characteristics such ag Thie
shown in Figure 14. Experiments to date have utilized point contact
geometry. More work is needed in order to elucidate the nature of
the interface, since, as shown in Figure 12, compensation has been
demonstrated and a possible chemical reaction may occur at the
interface between Na and the [CH(Ast)y]x.

(12) ELECTRICAL PROPERTIES OF DOPED (Cll)x FILMS

At relatively low doping levels, “he conductivity is activated
as shown for example in Figure 15 for (CHI )_ (similar data have
been obtained for AsF_., Br etc,) where theycgnductivity is plotted
¥3e 1/T on 3 semiley 2::.1.2. In genmeral, we £ind that the conducti-
vity of doped polyacetylene decreases with decreasing temperature.
However, the plot of fng vs. 1/T do not give straight:_;‘.ine bel}gvior
as seen in Figure 15, Plotting the data as fngyvs, T " (or T *)
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Figure 14: Oscilloscope picture of I vs, V for Schottky barrier
diode; Na contact on AsFS-doped (CH)x'

x = 0.5 V/division; y = 1 pA/division at 60 Hz.

tends to give more nearly straight line behavior as shown in
Figure 16. Again this behavior is typical of that observed in non=-
crystalline inorganic semiconductors such as amorphous Si, although
(CH)x films are at least partially crystalline as demonstrated by
X-ray diffraction, The twisted fibril structure of the films, (see
Figure 7) indicates the presence of significant disorder,

The general behavior shown on Figures 15 and 16 is toward
smaller activation energy as the dopant concentration increases,
We use the initial slope of the 1/T plots to determine the approxi-
mate thermal activation energy, E_, which serves as a simple index
of the conductivity behavior. Theé resulting activation energies
are shown in Figure 17 as a function of concentration y for both
(CHBr ) and (CHI ) . Undoped polyacetylene has an activation
energy In the ranfe™from 0.3 eV (trans) vo 0.5 eV (cis).® However,
the compensation experiments indicate that the conductivity in tBe
undoped polymer results from residusl defacts and/or impurities, =11
Thus the intrinsic (CH) activation energy is significantly higher,
in agreement with the oftical studies (Figure 4), On doping with
halogen, the activation energy drops rapidly reaching a value as low
as 0,018 eV at about 20 mole % iodine, Similar results are obtained
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from the brouine doping,

Tha sudden change in the concentration dependance of the con-
ductivity and the activation energy near y = 0.02 is consistent
with a semiconductor-to-metal transition near the 2% dopant livel, |
in agreement with earlier far infrared and transport studies.-O
temperature dependence studies indicate that samples with y < 0,02
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Iy)x for various concentrations (y)
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show an activatedconductivity with the activation energy being a
strong function of dopant concentration, For y > 0,02, the activa-
tion enecyy is sufficiently swall that interfibril contacts in the
polycrystalline polymer films are playing a limiting role.

The mobility of the heavily doped non-oriented polymer in the
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metallic regime, was estimated to be about 1 cmzlvOlt-sec.lo' is
value was subsequently confirmed by Hall effect measarement:s.z How=-
ever as demonstrated above, the transport is limited by the inter-
£fibril contact; the intrinsic mobility is undoubtedly considerably
higher. Initial utilization of polymer processing techniques to
orient the polymer fibrils have resulted iz significant improvement
of the conductivity as shown in Figure 6. Using the higher con-
ductivity of these partially oriepted films to estimate the mobility
leads to a value of order 5-10 /Nolt-sec; this clearly is a
lower limit, v U

In conclusion, as can be seen from the following list of con=-
.ductivities of common substances, (CH),is quite remarkable in that
its conductivity can be readily modified to span an extraordinarily
large range. Considering possible polyacetylene derivatives, re-
placement of some or all of the hydrogen atoms in (CH)_ with organic 1
or inorganic groups, copolymerization of acetylene with other acty- ‘
lenes or olefins, and the use of different dopants should lead to
the development of a large new class of conducting organic polymers
with electrical properties that can be controlled over the full
. range from insulator to semiconductor to metal, . o
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Figure 17: Activation energy of halogen-doped polyacetylene as a
function of concentration, The activation energies
were obtained from the slopes of the curves in Figure
15,
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